In this work, manganese dioxide/carbon nanotube (MnO 2 /CNT) have been synthesized by sonochemical-coprecipitation method and demonstrated that it could be an effective electrocatalyst for oxygen reduction reaction (ORR). Moreover, the effect of CNT inclusion with MnO 2 was also investigated for ORR. The physical and electrochemical properties of the MnO 2 / CNT were examined by powder X-ray diffraction (XRD), Fourier Transform Infrared (FT-IR) spectroscopy, Brunauer-Emmett-Teller (BET), Transmission Electron Microscopy (TEM), Field Emission Scanning Electron Microscopy/Energy Dispersive X-ray (FESEM/ EDX), Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), Mott-Schottky and Rotating Disk Electrode (RDE) analysis. CV showed higher currents for the ORR in MnO 2 / CNT than CNT; however, ORR current dropped when the MnO 2 loading was increased from 20-40 %. The EIS analysis showed that charge-transfer resistance for MnO 2 /CNT was significantly lower compared to the MnO 2 indicating that MnO 2 has good contact with CNT and the composite possess high electrical conductivity. Mott-Schottky results demonstrated that incorporation of CNT into MnO 2 resulted in producing larger electron density in n-type MnO 2 /CNT compared to MnO 2 which is liable for efficient electron donation from the Mn 3 + to adsorbed oxygen in the rate determining step. RDE results showed that MnO 2 /CNT follows 4e À transfer pathway, indicating its ability to act as an effective ORR electrocatalyst.
Introduction
Oxygen reduction reaction (ORR) is one of the most extensively studied reactions especially for the application of fuel cell and metal-air batteries.
[1] However, ORR is a kinetically slow process which significantly limits the overall reaction kinetics, resulting in a substantial loss in the performance. [2] Therefore, in order to accelerate the reaction, numerous materials have been developed as electrocatalysts.
[3] The metals such as platinum (Pt), palladium (Pd), gold (Au) and their alloys exhibit good catalytic activity towards ORR.
[4] Among them, Platinum (Pt) is the most commonly used electrocatalyst for the ORR due to its higher electrocatalytic activity and stability. [5] But, though the Pt has good catalytic activity, the high cost along with the catalyst poisoning limits its practical applications.
[6] So, several cheap alternative materials have been used as electrocatalysts to increase the ORR. [1a] Among them, non-precious metals such as manganese oxides had been widely investigated as one of the most promising catalysts for ORR [7] both in fuel cells and in metal-air batteries applications due to its distinctive properties such as lower cost, easier preparation, good ORR catalytic activity and least harmful to the environment.
[8] Stoerzinger, et al. [9] reported that among the catalysts, manganese based oxides have the highest activities close to that of precious metals. The same group also reported that a-MnO 2 possesses higher activity per cost (approximated on a metal basis) than Pt/C.
Besides that, in ORR, the 4-electron reduction reaction is favourable since the 2-electron reduction reaction could involve in hydrogen peroxide production leading to high over potential. [8b,10] However, the poor electrical conductivity restricts the electrochemical activity of manganese oxides. Therefore, several kinds of materials such as Graphite, Monarch carbon black 1000 and Vulcan XC-72 have been used as conductive supports to increase the ORR performance. [11] However, these materials have poor ORR activity. [12] So, in order to enhance the ORR performance of MnO 2 , a better electron conducting material can be incorporated, such as multiwalled carbon nanotubes (MWCNTs), which possess excellent electronic conductivity, high thermal stability, chemical stability, high porosity, high surface area, nano-size morphology and good mechanical properties.
[13] Thus, the incorporation of MnO 2 into the CNT can develop an efficient ORR electrocatalyst which could potentially replace the precious-metal electrocatalysts such as Pt and gold. Khilari, et al. [11] reported that the MnO 2 -NTs/graphene composite with fixed loading showed a higher ORR activity than the MnO 2 -NTs/Vulcan XC and MnO 2 -NTs/MWCNTs composites but the effect of CNT inclusion with MnO 2 and their mechanisms have never been studied. Therefore, the present study is intended to elucidate the effect of CNT inclusion with MnO 2 for ORR and identify their mechanism using RDE (Rotating disk electrode) experiments and Mott-Schottky analysis.
Results and Discussion

XRD analysis of MnO 2 /CNT
The phase and crystalline nature of the as-prepared MnO 2 /CNT was studied using XRD and presented in Figure 1 . The peaks at 2q of 26.148 and 42.608 correspond to the (0 0 2) and (1 0 0) plane of carbon, respectively which is in agreement with Liew, et al., [8a] Safari and Gandomi-Ravandi, [14a] Zhao, et al. [14b] Other intense peaks were found at 2q of 198, 368, 448, 548, 598 and 64 .58 which can be indexed as (2 0 0), (2 1 1), (3 0 1), (6 0 0), (5 2 1) and (0 0 2), respectively. These peaks can be ascribed to the characteristic peaks of MnO 2 .
[8d, 13a,15] The average crystallite size of the MnO 2 in the as-prepared electrocatalyst was calculated based on the MnO 2 (2 1 1) peaks by using Scherrer's equation, t = (0.9l)/(bcosq) where t is the grain size, l is the wavelength of the radiation used and b is an angular width. The average crystallite size of the MnO 2 was determined to be 9.74 nm.
FT-IR analysis of MnO 2 /CNT
The formation of MnO 2 /CNT is further investigated with FT-IR Spectroscopy and presented in Figure 2 . The correlative assignments of the FTIR peaks are presented in Table 1 . The broad band observed at 3440-3500 cm À1 can be ascribed to the bending vibrations of adsorbed molecular water and stretching vibrations of OH groups. [16] The peaks at ca. 1654 cm À1 can be attributed to C=O stretching vibration of the samples except for the MnO 2 which is in agreement with Safari and GandomiRavandi, [14a] Xie and Gao. [16b] In addition, around 1110 cm À1 , a very weak peak was observed in all the MnO 2 /CNT samples [16] 1654 C=O (stretch) [14a,16b] MnO 2 3442 OH (stretch) [16] 562 MnÀO and MnÀO-Mn [16b] 10 wt% 3446 OH (stretch) [16] 1653 C=O (stretch) [14a,16b] 1110 CÀO (stretch) [17] 567 20 wt% 3446 OH (stretch) [16] 1655 C=O (stretch) [14a,16b] 1115 CÀO (stretch) [17] 544 MnÀO and MnÀO-Mn [16b] 40 wt% 3443 OH (stretch) [16] 1654 C=O (stretch) [14a,16b] 1118 CÀO (stretch) [17] The morphology and elemental analysis of the as-prepared MnO 2 /CNT was examined by FESEM/EDX and TEM as demonstrated in Figure 3 . From the FESEM image ( Figure 3a) , it can be seen that, the CNT was roughened by the formation of crystal structures of MnO 2 . The nano-sized structure of MnO 2 /CNT was then visualized under TEM (Figure 3b ). It can be observed that the particle size of MnO 2 crystals is about 10-20 nm. Besides that, the EDX analysis shown in Figure 3c confirmed the presence of C, O and Mn, which indicated that the high purity of MnO 2 /CNT was synthesized and the results are in consistent with the XRD results ( Figure 1 ).
BET analysis of MnO 2 /CNT
The specific surface area of the as-prepared MnO 2 /CNT was investigated by using BET analysis. As shown in Table 2 , the measured BET specific surface areas are 348. 11, 81.12, 351.36, 318 .18 and 283.24 m 2 /g for CNT, MnO 2 , 10 wt%, 20 wt% and 40 wt% of MnO 2 /CNT respectively. The increase of MnO 2 loading onto the CNT resulted in a decrease in BET surface area. Bezerra, et al., [18a] Sun, et al. [18b] reported that the surface area reduced linearly with an increase in metal loading which might due to the blockage of pores in the support by metal particles, or the metal chelate or else its fragments that could chemically bond onto the support surface.
ORR activity of MnO 2 /CNT
The ORR activity of different compositions of MnO 2 /CNT was evaluated and compared with CNT by using Cyclic Voltammetry (CV) and presented in Figure 4 . It can be seen that the ORR peaks of the MnO 2 catalysts on CNTs are in between À 0.2 and À 0.4 V as reported by Zhang, et al., [8d] Lu, et al., [15b] Lu, et al. [19] CNT was used as a control in the experiment, and only a small ORR peak appeared which might due to the CNT defects. [8a,15b,20] The doping of MnO 2 onto CNT has increased the ORR current about 2.5 times than that of CNT which demonstrates that the MnO 2 /CNT has higher ORR catalytic activity than CNT. The increase of ORR catalytic activity might be due to the mutualistic interaction between the MnO 2 and carbon support CNT because it could have increased the electrical conductivity and thereby enhanced the catalytic activity of MnO 2 /CNT. [21] The active carbon support can offer a large surface for the deposition and well dispersion of MnO 2 . In addition, the enhanced surface area of MnO 2 /CNT electrocatalysts helped to increase the number of active sites which in turn improved the contact between catalyst and electrolyte material. [21] Among the compositions of MnO 2 /CNT, 20 wt% of MnO 2 /CNT showed highest ORR current and potential (-0.0069 A, À0.38 V) compared to 10 wt% (-0.0065 A, À0.45 V) and 40 wt% (-0.0064 A, À0.44 V) of MnO 2 /CNT. These results clearly showed that the optimum loading of MnO 2 onto CNT is 20 wt%.
Electrochemical impedance spectroscopy of MnO 2 /CNT
The electrochemical properties of the as-prepared MnO 2 /CNT were examined using Electrochemical Impedance Spectroscopy (EIS) and presented in Figure 5b . The EIS data were calculated by fitting the EIS spectra to a simple Randles circuit (Figure 5a ) and shown in Table 3 . The Randles circuit consists of solution resistance (R s ), constant phase element (CPE), charge-transfer resistance (R ct ) and the Warburg impedance (W o ). CPE was used to replace the capacitor in the Randles circuit in order to compensate the non-homogeneity in the system. The capacitance (C) can be estimated by using Eq. 1.
where C, R, n and Q are the capacitance, parallel resistance, empirical constant and pseudo-capacitance, respectively. [22] W o represents the process of diffusion of ions from the electrolyte to the interface and which has three parts: ohmic resistance (W R ), capacitive part (W T ) and its exponent (W P ) while total resistance (R total ) is the sum of all the individual (R s , R ct and W R ) resistances.
[23] From Table 3 , it can be seen that the R s of the all the as-prepared catalysts were almost similar. Whereas the charge-transfer resistance of MnO 2 is higher (2.07 W) but with the increase in the concentration of CNT (40 wt%, 20 wt%, 10 wt% and 0 wt% of MnO 2 ) the charge transfer resistance of MnO 2 /CNT (1.47, 0.97, 0.73 and 0.56) decreased as shown in Figure 5b . Similar results were also reported by other literatures where CNT exhibited the lowest R ct but increased proportionally with the increase in MnO 2 loading.
[16b,24] The higher R ct of MnO 2 was due to the poor electrical conductivity and with the increase in CNT concentration, the R ct decreased. [24a] Therefore, the increase in the loading of MnO 2 in MnO 2 /CNT nanocomposite increases the Rct. The results also demonstrated Figure 6 . From the Mott-Schottky equation, a linear relationship of 1/C 2 versus applied potential can be obtained (Eq. 2).
[1a]
where C SC is space-charge capacities, e o is permittivity of free space, e is the charge of the electron, e is a dielectric constant of MnO 2 /CNT, E fb is flat-band potential, E is applied potential, k is Boltzmann constant, N D is donor density and T is Kelvin temperature. The negative and positive slopes correspond to p-and n-type conductivities, respectively. [25] It can be seen from the Figure 6 that the Mott-Schottky plots of MnO 2 /CNT have positive slopes which indicate the presence of n-type semiconductors. The flat band potential (E fb ) can be approximately calculated by extrapolating the linear Mott-Schottky plot (Figure 6) . The E fb values of the electrocatalysts were À1.43 V and À4 V for MnO 2 and MnO 2 /CNT respectively. From the slope of the linear part of the plot close to the flat-band potential 2/ (eee D N D ), shows that the slope of MnO 2 /CNT is smaller than MnO 2 . The incorporation of MnO 2 onto the CNT reduced the slope, which implies that the charge carrier density is larger for MnO 2 /CNT than that of MnO 2 . Similar results were reported by Basirun, et al. [1a] Therefore, the incorporation of MnO 2 onto CNT can result in rapid electron donation, and that in turn increases the pace of the rate determining step of the oxygen reduction reaction. The Mott-Schottky results showed that the incorporation of CNT into MnO 2 resulted in producing larger electron density in MnO 2 /CNT composite than the MnO 2 which is liable for the efficient electron donation from the Mn 3 + to adsorbed oxygen in the rate determining step leading to higher ORR activity.
Rotating disk electrode experiments
The as-prepared MnO 2 and 20 wt% MnO 2 /CNT were coated on the RDE for electrochemical experiments. [26] The LSVs of ORR that were recorded on RDEs for MnO 2 and 20 wt% MnO 2 /CNT are shown in Figure 7a and b, respectively. It can be seen that the onset potential and half wave potential of ORR on MnO 2 / CNT are À0.01 V and À0.2 V, respectively which are more positive than that of MnO 2 , indicating the importance of CNT injunction. [27] The limiting current densities of MnO 2 and MnO 2 / CNT were increased from 0.54 to 0.75 mA/cm 2 and 2.01 to 3.85 mA/cm 2 , respectively when rotation rates were increased from 400 to 3600 rpm. Higher rotational rates cause rapid oxygen flux to the surface of the electrode and thereby obtained large currents.
The Koutecky-Levich (KÀL) plot was constructed from rotation speed-dependent current-potential data according to the Eq.3 to examine the ORR kinetics. [26] 
where i is the measured current, i k is the kinetic current, i d is the diffusion-limiting current, F is Faraday constant, n is the overall number of electron transferred, A is the geometric electrode area (cm 2 ), k is the rate constant for oxygen reduction, C 0 is the saturated concentration of oxygen in 0.1 M potassium hydroxide (1.14x10
À6 mol/cm 3 ), D O2 is the diffusion coefficient of oxygen (1.73x10
À5 cm 2 /s), w is the rotation rate (rad/s) and v is the kinetic viscosity of solution (0.01 cm 2 /s).
The number of electrons (n) participated in the oxygen reduction reaction is a key factor for assessing the catalyst performance. [28] The slopes of the KÀL curves were used to calculate the n value on the basis of the Koutecky-Levich equation (Eq. 3). Figure 7c and d demonstrates the KouteckyLevich plots at various electrode potentials for the MnO 2 and 20 wt% MnO 2 /CNT, respectively. The n value during ORR was determined to be 2.19 and 3.91 for MnO 2 and 20 wt% MnO 2 / CNT, respectively.
Based on the RDE results, it is implied that the MnO 2 and MnO 2 /CNT followed 2e and 4e mechanism, respectively because their apparent n values are 2.19 and 3.91 which are close to the theoretical values for 2e and 4e À reduction of O 2 , respectively. Dumitru, et al. [29] reported that after the acid modification of CNT, the number of CÀO functional groups was increased on the surface of the CNTs, which, in turn, increased the electrocatalytic activity, leading to 4e-pathway for the ORR. Whereas, in this study, during the preparation of MnO 2 /CNT, highly oxidizing agents such as KMnO 4 and H 2 SO 4 were used which might have oxidized the CNTs as it can be observed from the very weak peak (at 1110 cm À1 ) of CÀO group in the FTIR of MnO 2 /CNT ( Figure. 2). Thus, it is assumed that the presence of CÀO groups in the MnO 2 /CNT shifted the ORR from 2 electron pathway to 4 electron pathway. Moreover, the morphology of the electrocatalyst also plays a crucial role in influencing the electron transfer pathway. Recently, Selvakumar, et al. [7a] re- ported that nanoshapes of MnO 2 influence the electron transfer pathway. So, it is assumed that MnO 2 /CNT nanostructure might have favoured the 4 electron transfer pathway. This feature can be better visualized by remembering that the mechanism followed by the ORR relies on the kind of interaction between the catalyst surface and the oxygen molecules. It is known that the O 2 molecules adsorb in a horizontal mode on manganese oxide surfaces proceed through a bridge-type configuration. [12] Bridge-type interactions conduct to the dissociation of O 2 , which is consistent with the 4e À reduction pathway. In contrast, ORR follows 2e-reduction pathway if the interaction between catalyst surface and O 2 molecules are in the vertical or end-on mode of adsorption. [7a] So, the incorporation of CNT into MnO 2 might have provided the optimum requirement for the adsorbed oxygen in a bridge mode which would have favoured the 4e À reduction pathway whereas MnO 2 might have formed the end-on mode of adsorption and led to 2e-reduction pathway.
Besides that, Gong, et al. [30] proved that, CNT possess poor electrocatalytic activity. Therefore, the main electrocatalytic activity was contributed by MnO 2 , while CNT functioned as support for MnO 2 , to provide better electrical conductivity and 3D matrix for the composite structure. Xu, et al. [31] reported that majority of the metal oxides generally have poor electrical conductivity compared with carbon-based materials, which could limit the transfer of an electron to their catalytically active sites. So, doping of metal oxides with nano carbons can help to form the conducting network, which facilitates the charge transfer during the electrochemical reactions at the oxide surfaces. In addition, Zhang, et al., [32a] Fu, et al. [32b] reported that the integration of metal oxide and nano-structural carbon such as graphene and CNT to produce electrocatalysts for ORR could have enhanced both the electrocatalytic activity and stability. This might be due to their large surface area, high conductivity and high electrochemical stability. [27] Moreover, based on our BET results, it can be observed that the surface area of 20 wt% MnO 2 /CNT is 4 times higher than MnO 2 . Therefore, 20 wt% MnO 2 /CNT can allow more active sites and that can improve the contact between catalyst and electrolyte. [33] Furthermore, the electrical conductivity of the MnO 2 /CNT is better than MnO 2 as evidenced by EIS data where R ct of MnO 2 is higher than MnO 2 /CNT. Apart from that, Mott-Schottky results revealed that MnO 2 /CNT possesses higher electron density than MnO 2 , as the slope of MnO 2 /CNT is smaller than MnO 2 . The increased electron density enhanced the conductivity and facilitated the charge separation, [34] which is responsible for the efficient electron donation from Mn to adsorbed oxygen in the rate determining step leading to higher ORR activity. Cheng, et al. [33] also mentioned that electrical conductivity plays a key role in influencing the catalytic activity. Moreover, it is important to note from the CV data that the 20 wt% MnO 2 /CNT exhibited highest ORR current (-0.0069 A) than MnO 2 (-0.0028 A). Furthermore, the onset potential and half-wave potential for ORR on MnO 2 /CNT catalyst are found to be À0.01 V and À0.2 V, respectively, which are more positive than that of MnO 2 . On the basis of the onset potentials, half-wave potentials and CV, one can conclude that MnO 2 /CNT catalyst is much more active than MnO 2 for the ORR.
Conclusions
MnO 2 /CNT nanoparticles were successfully prepared using sonochemical-coprecipitation method. The FESEM/EDX, TEM, XRD, BET and FT-IR revealed the morphological crystalline structures and elemental analysis of nanostructured as-prepared MnO 2 /CNT. The CV results showed that the ORR activity of MnO 2 /CNT is 2.5 times higher than CNT. Among the compositions of MnO 2 /CNT, 20 wt% of MnO 2 /CNT showed the optimum catalyst loading that generated the highest ORR current (-0.0069 A) with the lowest total (R total ) resistance (7.62 W). Moreover, from the Mott-Scottky analysis, it is clear that the incorporation of CNT into MnO 2 can produce larger electron density in n-type MnO 2 /CNT compared to the MnO 2 which is liable for efficient electron donation from the Mn 3 + to adsorbed oxygen in the rate determining step leading to higher ORR activity. Furthermore, RDE investigations revealed that MnO 2 /CNT and MnO 2 follow the quasi-4 electron transfer and 2 electron transfer pathways, respectively. Thus, MnO 2 /CNT proved to be an efficient electrocatalyst for the ORR compared to the MnO 2 catalyst . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 
